Introduction
Acidification of intracellular organelles is crucial to the function of the secretory and endocytic pathways. The vacuolar H + -ATPases (V-ATPases) are responsible for establishing and maintaining intracellular pH gradients across specialized organellar membranes, including the trans-Golgi network (TGN), secretory granules, endosomes and lysosomes. Progressive acidification of the regulated secretory pathway is important for proteolytic processing of prohormones (Seidah et al., 1993; Seidah and Prat, 2002) and aggregation of soluble protein content (Colomer et al., 1996) . Receptor-mediated endocytosis and degradation pathways also require a pH gradient (Forgac, 1999; Stevens and Forgac, 1997) . The V-ATPases generate the proton-motive driving force for secondary transport processes, such as neurotransmitter uptake into synaptic vesicles (Hediger et al., 2004; Parsons, 2000) , and have been implicated in the maintenance of copper homeostasis (Madsen and Gitlin, 2008) .
V-ATPases are multisubunit complexes organized in two domains. The peripheral V 1 domain is composed of eight different subunits (A-H), and is responsible for catalyzing ATP hydrolysis (Morel, 2003; Nishi and Forgac, 2002; Schoonderwoert and Martens, 2001; Weimer and Jorgensen, 2003) . This in turn, drives proton translocation through the V 0 domain, an integral membrane complex composed of multiple copies of the proteolipid subunits (c and cЈ, also called b and f) and single copies of the remaining subunits (a, d and cЉ) (Beyenbach and Wieczorek, 2006; Forgac, 2007; Marshansky and Futai, 2008) . The closely related macrolide antibiotics bafilomycin A1 (BafA1) and concanamycin A (ConA) inhibit the V-ATPase at nanomolar concentrations by binding to the proteolipid subunit (Bowman and Bowman, 2002; Forgac, 2007; Huss et al., 2002) ; subunit a might also participate in binding (Wang et al., 2005) . At these low concentrations, BafA1 and ConA are highly specific for V-ATPases (Bowman et al., 1988; Drose et al., 1993) . Because of their specificity, these inhibitors have been widely used in studies of V-ATPase mediated acidification (Schoonderwoert et al., 2000; Taupenot et al., 2005) .
The V 1 and V 0 domains, which are separately transported down axons, also function independently (Morel, 2003; Schoonderwoert and Martens, 2001) . For example, the V-ATPase has been implicated in membrane fusion events; by interacting with another V 0 sector on apposing membranes, V 0 may constitute a homomeric fusion pore (Baars et al., 2007; Morel, 2003; Peters et al., 2001; Weimer and Jorgensen, 2003) . The interaction of V 0 a1 with the vSNARE VAMP2 and with SNARE complexes involved in vesicle docking and fusion places the V 0 portion of the V-ATPase at a strategic location for the formation of an exocytotic fusion pore . Moreover, V 0 a1 interacts with plasma membrane tSNAREs in Drosophila and is required for evoked synaptic vesicle exocytosis (Hiesinger et al., 2005) . Caenorhabditis elegans V 0 a1 acts in parallel with SNARE proteins to mediate apical secretion of Hedgehog-related proteins from exosomes (Liegeois et al., 2006) . Mutant mice lacking the a3 isoform, which is targeted to the membranes of insulin granules in
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pancreatic β-cells, have reduced levels of plasma insulin and an impaired response to glucose . Similarly, vacuolar fusion in yeast requires V 0 , but not pump activity, whereas fission requires pump activity (Baars et al., 2007) .
We previously used ammonium chloride to study the role of acidification in sorting of soluble secretory-granule content proteins (Sobota et al., 2006) . NH 4 Cl and methylamine are weak bases that partition into acidic compartments, neutralizing the pH within these organelles and blocking much of intragranular endoproteolytic processing. Although no noticeable effect on secretory protein localization was observed with NH 4 Cl or methylamine treatment, nanomolar concentrations of the V-ATPase inhibitors BafA1 or ConA, which caused a similar increase in lumenal pH, caused a profound and selective disruption of secretory-granule protein localization. Since these inhibitors bind to the V 0 domain of the VATPase, it is speculated that they disrupt the interaction of V 0 subunits with SNARE proteins (Bayer et al., 2003; Hiesinger et al., 2005; Morel et al., 2003) . In the current study, we distinguish the effects of BafA1 and ConA on the regulated secretory pathway related to blockade of acidification versus those that are not mimicked by deficits in proton pumping.
Results
Localization of secretory-granule content proteins is disrupted by ConA or BafA1, but not by an increase in granule pH Acidification of immature secretory granules by the V-ATPase has a key role in granule biogenesis. This ATPase can be blocked with specific inhibitors, or the pH gradient it establishes can be dissipated. We found that these two approaches had similar effects on granule pH (supplementary material Figs S1 and S2), but vastly different effects on secretory-granule morphology in AtT-20 corticotrope tumor cells (Fig. 1) . In control cells, confocal imaging demonstrated partial colocalization of an exogenous secretory-granule content protein (PHM-GFP) and endogenous proopiomelanocortin (POMC) products. Punctate structures were found throughout the cell, with some staining detectable in the region of the Golgi complex ( Fig.   1A ) (Sobota et al., 2006) . Dissipation of the pH gradient by NH 4 Cl and methylamine treatments (supplementary material Fig. S1A, Fig.  S2 ) had no discernible effect on the punctate structures containing PHM-GFP and POMC products (Fig. 1B) .
By contrast, cells treated with a low dose of ConA (Fig. 1C ) or BafA1 (supplementary material Fig. S1B ) for 24 hours contained very few morphologically normal secretory granules. Both PHM-GFP and POMC products accumulated in large, round structures located in the region adjacent to the Golgi or TGN (Fig. 1C,  arrowheads) . Despite this striking alteration in localization of PHM-GFP and POMC, the Golgi complex was unaffected; the pattern of GM130 staining was identical in cells treated with either ConA or vehicle (Fig. 1, right, blue) . A few secretory granules of normal size were seen at the margins of the ConA-treated cells (Fig.  1C, arrows) .
Three methods were used to assess granule pH. Acridine orange visualization and DAMP staining confirmed that both NH 4 Cl and ConA treatment obliterated intracellular pH gradients (supplementary material Fig. S1A ). To provide a more quantitative assessment of granule pH, the GFP variant pHluorin (Miesenbock et al., 1998) , whose fluorescence intensity is pH sensitive, was targeted to granules by fusion to a secretory-granule protein and stably expressed in AtT-20 cells (supplementary material Fig. S2 ). Based on live-cell imaging fluorescence intensity, exposure of PHM-pHluorin AtT-20 cells to ConA, NH 4 Cl or methylamine raised secretory-granule pH above pH 7.0 within 15 minutes; pH was maintained between 7.15 and 7.27 for at least 24 hours by all three drugs. Importantly, despite the major changes in cell morphology, these drug effects were largely reversed 8 hours after drug removal (supplementary material Fig. S1C ) and fully reversed after 16-24 hours; cells exposed to these low doses of drug did not undergo apoptosis.
Formation of the large structures containing PHM-GFP and POMC was dependent on both drug concentration and treatment time. When lower concentrations or shorter incubations with either ConA or BafA1 were used, the structures were smaller; an increase in diameter was observed with longer incubations or higher concentrations of drug (data not shown). Since ConA and BafA1 have similar effects, whereas neutralization of the pH gradient to a similar extent with NH 4 Cl or methylamine does not, our data indicate a unique role for the ConAor BafA1-sensitive component(s) of the vacuolar ATPase in secretory-granule formation. A role for the V-ATPase in membrane fusion events involved in the exocytosis of synaptic vesicles (Hiesinger et al., 2005) and exosomes (Liegeois et al., 2006) in the balance of vacuolar fusion and fission in yeast (Baars et al., 2007) and in protein sorting (Forgac, 2007; Marshansky and Futai, 2008) , led us to consider similar roles for V-ATPase early in the regulated secretory pathway.
ConA induces formation of mixed organelles containing secretory-granule and lysosomal proteins
To pursue this possibility, the composition of the enlarged, PHM-GFP-positive structures formed as a result of ConA or BafA1 treatment was analyzed. We first examined several other soluble secretory-granule proteins, including chromogranin A and prohormone convertase 1 (PC1). Both proteins accumulated in these large vesicular structures (supplementary material Fig. S3A,B) . Since the V-ATPase is also responsible for acidifying the interior of lysosomes, we evaluated the effect of ConA on localization of lysosomal-associated membrane protein-1 (LAMP-1), an integral membrane protein, and cathepsin B, a soluble component of lysosomes ( Fig. 2A,B) . Secretory granules and lysosomes were easily distinguished in control PHM-GFP cells ( Fig. 2A,B, left) . In ConA-treated cells, LAMP-1 staining surrounded the PHM-GFPpositive structures and cathepsin B, similarly to PHM-GFP, was located in the interior of these structures ( Fig. 2A ,B, right).
Effects of ConA on other cell types
To determine whether these results were unique to AtT-20 cells, GH3 cells expressing PHM-GFP were subjected to the same treatment.
ConA treatment resulted in the formation of large, round PHM-GFPpositive vesicles in GH3 somatomammotropes (supplementary material Fig. S4A ). LAMP-1 also surrounded the large PHM-GFPpositive vesicles that form in ConA-treated GH3 cells (supplementary material Fig. S4A , arrowheads). Although secretory granules are unique to neuroendocrine cells, lysosomes are not. We therefore evaluated the effect of ConA on lysosomes in NIH 3T3 cells (supplementary material Fig. S4B ). Visualization of endogenous LAMP-1 in cells expressing EGFP revealed a heterogeneous collection of lysosomes concentrated in the perinuclear region. ConA treatment produced large LAMP-1-positive structures that excluded cytosolic GFP (arrowhead); lack of soluble protein markers makes exclusion of GFP the best marker for these structures. The ability to produce these large vesicles in response to ConA treatment is not unique to neuroendocrine cells. The large vesicular structures formed in response to ConA are 'mixed' organelles. Interestingly, PC12 cells were the only cell type examined that did not show formation of mixed organelles in response to prolonged ConA treatment; localization of LAMP-1, PHM-GFP (supplementary material Fig.  S4C ) and chromogranin B (not shown) were unchanged compared with control PC12 cells.
Secretory-granule membrane proteins are in the interior of mixed organelles
We next asked how secretory-granule membrane proteins responded to ConA treatment. For this experiment, AtT-20 cells stably expressing PAM-2 fused to GFP (PAM-2-GFP) were analyzed after fixation. In control cells, most of the PAM-2-GFP was present in punctate, vesicular structures; some colocalization with syntaxin-6, a TGN marker, was also apparent (Fig. 2C) . Very little overlap of PAM-2-GFP with LAMP-1 was observed. In fixed ConA-treated cells, PAM-2-GFP was found in the LAMP-1-positive mixed organelles (Fig. 2C) ; the irregular pattern observed within these mixed organelles suggests that membranes containing PAM-2-GFP entered their interior (Fig. 2C, inset) . Very little PAM-2-GFP was present on the cell surface.
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VAMP4 normally localized to the TGN and immature secretory granules (Fig. 2D, left) , and is removed during secretory-granule maturation and acquisition of regulatory competence (Eaton et al., 2000) . As observed for LAMP-1, the mixed organelles formed in response to ConA treatment were outlined by a VAMP4-positive membrane; VAMP4 staining is not seen within the mixed organelles. VAMP4 staining within the TGN does not retain its normal tubuloreticular morphology; VAMP4-positive structures are clustered, as if aggregated (Fig. 2D, inset, arrows) .
To try to identify the structures affected by ConA, we examined several Golgi and TGN markers. Staining for adaptor proteins AP1, AP2 and AP3 demonstrated that none of these was associated with the mixed organelles (supplementary material Fig. S5 ). AP1-positive structures accumulated between the mixed organelles whereas AP2-positive structures were concentrated along the plasma membrane; AP3 localization was unaltered. Staining for TGN38 was unaffected (supplementary material Fig. S5C , blue). These results suggest a remarkably selective effect of ConA on selected post-TGN compartments, immature granules and lysosomes.
Endocytosis is blocked by ConA
Acidification by the V-ATPases is known to have an essential role in endocytic trafficking. This is particularly important in receptormediated endocytosis, because a low pH in early endosomes can trigger dissociation of ligand-receptor complexes (Forgac, 1999) . Because secretory-granule membrane proteins undergo endocytosis following release of soluble granule proteins, we chose to assess the effects of ConA on endocytic trafficking in AtT-20 cells expressing PAM-1, an integral membrane form of PAM that undergoes extensive luminal cleavage in AtT-20 cells. As seen for PAM-2-GFP, the majority of the PAM-1 moved from the TGN area to the limiting membrane of the mixed organelles and structures within this limiting membrane following ConA treatment (Fig.  3A,B ). Control and ConA-treated AtT-20 PAM-1 cells were allowed to take up anti-PAM antibody for a brief time. In control cells, the internalized PAM antibody was present in small vesicular structures throughout the cytoplasm; the distribution of internalized PAM antibody was not dramatically altered by ConA treatment (Fig. 3A) .
Following a brief incubation with fluorescently tagged transferrin, control PAM-1 AtT-20 cells are filled with transferrin-containing vesicular structures, some of which were positive for EEA1 (Fig.  3B ). Very few of these structures contained membrane PAM. Unlike membrane PAM, endocytosis of transferrin was completely blocked by a 24 hour pretreatment with ConA; transferrin was present only on the cell surface (Fig. 3B ). The steady state localization of EEA1 was not disrupted by ConA treatment, indicating that this endocytic compartment is not targeted for inclusion in the mixed organelles.
ConA blocks stimulated secretion of cargo proteins
Progressive acidification of the luminal compartment is essential for PC1 maturation (Schmidt and Moore, 1995) . Since ConA and NH 4 Cl have similar effects on luminal pH (supplementary material Fig. S2 ), they should have similar effects on the post-TGN, autocatalytic conversion of 82 kDa PC1 into 67 kDa PC1 (Zhou and Mains, 1994) . Consistently with this, both treatments reduced the cell content of 67 kDa PC1ΔC (supplementary material Fig. S6A ).
Processing and secretion of POMC, which begins in the TGN and occurs primarily in secretory granules (Schnabel et al., 1989) , was evaluated with an antibody directed against γMSH. In control cells, intact POMC and the 16 kDa fragment were the major products stored (supplementary material Fig. S6B ). Although processing of POMC into 16 kDa fragment was largely eliminated by ConA treatment, the level of 16 kDa fragment in the cells was hardly affected by NH 4 Cl (supplementary material Fig. S6B ), methylamine or chloroquine treatment (Mains and May, 1988) . All treatments diverted much of the intact POMC into the medium under basal conditions (supplementary material Fig. S6B ).
We next evaluated the effect of both ConA and NH 4 Cl on regulated secretion of PHM-GFP. Following pretreatment for 24 hours with vehicle, ConA or NH 4 Cl, basal secretion and BaCl 2 -stimulated secretion were monitored over 30 minute collection periods and cell lysates were prepared. PHM-GFP in medium and cell extracts was quantified by enzymatic assay. In both control and NH 4 Cl-treated cells, BaCl 2 elicited robust secretion of PHM-GFP (supplementary material Fig. S6C ). Secretion was not significantly stimulated by BaCl 2 following ConA treatment. The large, mixed organelles formed in response to ConA treatment were not responsive to secretagogue, but disrupting pH gradients with NH 4 Cl had a negligible effect on secretion.
ConA causes invagination into vacuoles near the TGN
Transmission electron microscopy was used to explore the identity of the mixed organelles; cells were fixed after 2-24 hours of treatment with 10 nM ConA (Fig. 4) . The higher dose was selected for these studies because the effects are more pronounced at short times, when the primary effect of the drug should be most apparent. The first effect seen after 2 hours of treatment was the appearance of 300-600 nm vacuoles in the trans-Golgi area (Fig. 4B, arrow) ; control cells lacked similar structures (Fig. 4A ). These vacuoles generally The luminal domain of PAM-1 (JH629; red) was visualized along with internalized transferrin (green) and the early endosome marker EEA1 (blue). PAM-1 is cleaved into soluble, luminal domain fragments which are secreted and integral membrane cytosolic domain fragments which undergo endocytosis; as a result, antisera to the luminal domain visualize secretory granules better, while cytosolic domain antisera highlight the TGN and endocytic pathway. Scale bars: 10 μm. appeared empty; in some vacuoles, invagination of vesicles approximately 50 nm in diameter could be seen (Fig. 4B, arrow) . Based on membrane apposition, these vacuoles appeared to fuse with enlarged lysosomes (Fig. 4C, arrows) . Mixed organelles, containing lysosomal structures and accumulations of 50 nm vesicles were formed (Fig. 4D, arrowheads) , and images showing mixed organelles apposed to lyososomes suggest continued fusion (Fig. 4E, arrows) .
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After 4 hours of ConA treatment (Fig. 4F) , normal lysosomes were no longer seen. Lysosomal features could still be distinguished in the mixed organelles. The vacuolar structures were often closely connected (Fig. 4F, arrowheads) . After 24 hours of treatment the mixed organelles were larger (dotted line), contained more internal vesicles and no longer contained structures resembling normal lysosomes (Fig. 4G) . The Golgi stack remained intact and empty vacuoles could still be seen in the trans-Golgi area, suggesting their continued formation.
To confirm the role of fusion in the formation of large mixed organelles, lysosomes were labeled by incubating PAM-1-GFP cells with TRITC-dextran for 1 hour followed by an overnight chase. Time-lapse confocal microscopy following the addition of 10 nM ConA revealed the fusion of pre-existing lysosomes with PAM-1-GFP-positive structures to form mixed organelles within 1 hour of drug treatment (supplementary material Fig. S7 ).
Secretory-granule membrane proteins enter internal vesicles
One of the first observable responses to ConA is the appearance of TGN-associated vacuoles with several internal vesicles. We used immunoelectron microscopy to ask whether membrane proteins normally associated with immature secretory granules (PAM) or lysosomes (LAMP-1) and endosomes (mannose-6-phosphate receptor) appeared in these internal vesicles. To explore the initial accumulation of membrane proteins in TGN-associated vacuoles, we treated cells with a low dose of ConA (1 nM) for 2 hours (Fig. 5) . Vacuolization of the TGN was apparent, and electron-dense material was often associated with the invaginations and internal vesicles. The morphology of multivesicular bodies (MVB) was not affected (Fig. 5A) . After 24 hours of treatment, samples were stained simultaneously with antibody against PAM-1 (10 nm gold) and an antibody that recognizes POMC cleavage products, but not intact POMC (15 nm gold) (Fig. 5B,C) . Staining for PAM was prevalent in TGN vacuoles (asterisks), but little processed ACTH (arrows) was present in these vacuoles (Fig. 5B,C) . Labeling for mannose 6-phosphate receptor (M6PR; labeled MPR) was present in subdomains of the TGN (Fig.  5D, arrowheads) and in vacuoles near the TGN (Fig. 5E) . Accumulation of cathepsin D was also observed in dilated lysosomes and TGN vacuoles (Fig. 5F) .
Localization of membrane PAM-1 by immunofluorescence suggested that it might be included in the internal vesicles. To assess this possibility, the localization of PAM, MPR and cathepsin D was examined following treatment with a high dose of ConA (10 nM) for 24 hours. PAM was concentrated in the internal vesicles contained in the mixed organelles (Fig. 6A) ; the inset in Fig. 6A illustrates the association of PAM with these internal membranes. Staining for PAM was less prevalent on the limiting membranes of the mixed organelles. In control cells, there was little overlap in the distribution of MPR and PAM. Following ConA treatment, MPR, similarly to PAM, accumulated in the internal vesicles of mixed organelles (Fig. 6B ) and was also detectable in the vacuoles present around the TGN (Fig. 6B) . Cathepsin D was present in both the mixed organelles and in vacuoles in the TGN area (Fig. 6C) .
Since immature secretory granules have been well characterized in melanotropes (Back and Soinila, 1996) , the POMC-producing cells of the intermediate pituitary, we explored the effect of ConA on this organelle in cultured melanotropes (Fig. 6D-F) . Immature secretory granules in melanotropes form near the Golgi and contain small, dense cores (Fig. 6D, arrowheads) . In cultured melanotropes treated for 4 hours with 10 nM ConA, vacuoles and enlarged immature granules were apparent (Fig. 6E, asterisks) ; what appeared to be granule cores were seen in the Golgi stack (Fig. 6E, arrows) , suggesting premature condensation. As in AtT-20 cells, mixed organelles were prevalent (Fig. 6F,M) . Images suggesting fusion of two mixed organelles (Fig. 6F ,M, arrows, right) and fusion of a secretory granule with a mixed organelle (Fig. 6F,M , arrows, left) are shown. One of the mixed organelles (Fig. 6F ,M, middle) contained an enlarged electron-dense secretory granule whereas another contained what appeared to be a mitochondrion (Fig. 6F,M) .
Mixed organelles share features with autophagosomes
The mixed organelles formed in response to ConA treatment clearly include elements of immature secretory granules and lysosomes. Autophagy involves the import of cytoplasmic components into autophagosomes, which then fuse with lysosomes Marsh et al., 2007; Rubinsztein, 2007) . Autophagy begins with formation of a double membrane that sequesters cytoplasm and target organelles, such as mitochondria. Based on electron microscopy, mature mixed organelles do not have double membranes. Since double membranes can be transient, we searched for evidence of their presence as vacuoles first formed in the TGN area and found none. To further compare the formation of mixed organelles to autophagy, we visualized mitochondria in ConA-treated PHM-GFP cells (Fig. 7A) (Weisiger and Fridovich, 1973) . Mitochondria remained intact and were mostly excluded from the mixed organelles, which is consistent with the conclusion that macroautophagy is not occurring. The localization of endogenous Atg12 (Hanada et al., 2007) , which is covalently bound to Atg5 and targeted at least transiently to autophagosomes (Geng and Klionsky, 2008) , was unaltered by treatment with ConA; whether examined after 1 hour or 24 hours of exposure to ConA, Atg12 was present in punctate structures that were distinct from the large mixed organelles (Fig. 7B) . Western blot analysis using the same Atg12 antibody revealed a single 53 kDa band in control and ConA-treated cells (data not shown).
LC3/Atg8, a ubiquitin-like protein essential for autophagocytosis, is associated with completed autophagosomes (Geng and Klionsky, 2008; Kabeya et al., 2000; Rubinsztein, 2007) . To assess the response of LC3 to ConA, AtT-20 cells transiently expressing LC3- GFP were exposed to drug (Fig. 7C) . In control cells, LC3-GFP was present throughout the cytosol and was concentrated in puncta distinct from those staining for LAMP-1. Following ConA treatment, most of the LC3-GFP relocated to the interior of the mixed organelles (Fig. 7C) ; this was in distinct contrast to the behavior of endogenous Atg12, which remained associated with dispersed puncta. Mixed organelles do not have all the accepted properties of autophagosomes, but clearly share some key features, especially following prolonged exposure to ConA.
Protein synthesis is required for ConA-mediated effects on secretory protein localization
If ConA results in the formation of mixed organelles in part by interfering with an early stage in granule maturation, blockade of protein synthesis concurrent with ConA treatment should preclude the formation of mixed organelles. If mixed organelles form solely
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as a result of ConA-induced fusion of mature granules with lysosomes, protein synthesis should not be an essential step in their biogenesis. To distinguish between these possibilities, AtT-20 PHM-GFP cells were treated with ConA in the presence or absence of the protein synthesis inhibitor cycloheximide for 24 hours. As described above, in ConA-treated cells, PHM-GFP and POMC colocalized in the interior of the mixed organelles (Fig. 8, top left) and LAMP-1 staining framed the PHM-GFP-positive mixed organelles (Fig. 8, top right) .
As expected, when protein synthesis was inhibited throughout the 24 hours of exposure to ConA, PHM-GFP, POMC and LAMP-1 immunofluorescence diminished in intensity (Fig. 8, bottom) . No large PHM-GFP-or POMC-positive mixed organelles were seen (Fig. 8, bottom left) . The PHM-GFP and POMC staining that remained was vesicular, comparable to the few mature granules remaining in untreated controls; cycloheximide-treated controls (not shown) were simply depleted of granules (Sobota et al., 2006) . Although diminished in intensity, LAMP-1 staining was similar to the pattern seen in the absence of cycloheximide; large vesicular structures were present. In the presence of cycloheximide, the interior of the LAMP-1-positive structures was devoid of soluble secretory-granule proteins (Fig. 8, bottom right) . The simplest interpretation of the cycloheximide experiment is that new protein synthesis is required for ConA to exert its effects on soluble secretory protein localization; mature secretory granules located near the plasma membrane were unaffected by ConA treatment.
The fact that LAMP-1 appeared in the outer membranes of the mixed organelles in the absence of new protein synthesis is most plausibly explained by fusion of pre-existing lysosomes with the empty TGN vacuoles that form in the absence of protein synthesis, as suggested by the ultrastructural (Fig. 4A ) and time-lapse (supplementary material Fig. S7 ) images. Unlike lysosomes, preexisting peptide-containing secretory granules are excluded from the mixed organelles. Only newly forming peptide-containing granules could be incorporated into mixed organelles.
The role of the V-ATPase protein
If ConA is acting by inhibiting the V-ATPase, shRNA-mediated reductions in V-ATPase levels should have similar effects. Based on studies of the roles of the V 0 and V 1 complexes of the V-ATPase in vacuole fusion and fission in yeast, ConA might be expected to diminish fission, whereas a lack of V 0 might affect fusion (Baars et al., 2007) . Since immature granules are short-lived, dynamic structures, whose formation and maturation involve both fusion and fission-mediated remodeling (Kuliawat et al., 1997; Tooze, 1998; Wu et al., 2001) , we focused on identifying the earliest effects of reducing V-ATPase levels. In addition to affecting immature secretorygranule formation and function, lack of the V-ATPase would be expected to alter lysosomal function; an essential role for the VATPase in cell viability was noted previously (Inoue et al., 1999) . A gene expression screen using AtT-20 cDNAs found only background levels of c-subunit mRNA (NM_009729.1), but robust expression of b-subunit mRNA (NM_033617.1; also called cЈ and f). Three shRNA constructs directed against V 0 b (supplementary material Table S1 ) were transiently expressed in AtT-20 PAM-1-GFP cells. Based on fluorescence microscopy, expression of each shRNA resulted in dispersion of PAM-1-GFP in the TGN region (Fig. 9A,B ). At the electron microscopic level, expression of V 0 b-255 shRNA disrupted the normal structure of the TGN (Fig. 9C) . In cells expressing V 0 b shRNA, empty vacuoles and vacuoles filled with tubular and vesicular structures appeared in the Golgi area (Fig. 9D,E) ; the internal vesicles and tubules apparent in the shRNA-expressing cells resembled those present in ConA-treated cells. Arrows indicate apposed vacuoles that might be fusing (Fig. 9D) . Based on the effects of V-ATPase inhibitors and shRNAs, this complex protein has a key role in the earliest steps of granule formation at the TGN.
Response of SNARE proteins to ConA
To identify biochemical correlates of the morphological response observed, we evaluated the effects of ConA on levels of several SNARE proteins and proteins known to interact with the V-ATPase (Fig. 10) . Levels of the endosomal syntaxins syntaxin-7 and syntaxin-13 increased, whereas levels of syntaxin-6, a TGN syntaxin, and SNAP23 and SNAP25, plasma membrane SNARE proteins, were unaltered. Although its cause is not clear, a slight increase in the apparent molecular mass of syntaxin-7 and syntaxin-13 was always observed in ConA-treated cells. Levels of two vesicle SNARE proteins (VAMP2 and VAMP4) were unaltered. Consistent with a deficit in the remodeling of immature granule membranes, levels of γ-adaptin, a subunit of the AP1 complex, were reduced. Levels of βIII-tubulin declined substantially, perhaps contributing to the accumulation of immature granules in the TGN region. Microtubules have an essential role in pH-induced V-ATPase trafficking (Tresguerres et al., 2006) and in glucose-deprivationinduced dissociation of V 0 and V 1 (Xu and Forgac, 2001) . Levels of N-cadherin, a plasma membrane cell-cell adhesion molecule, were unaltered.
Discussion
Unlike NH 4 Cl and methylamine, macrolide antibiotic V-ATPase inhibitors have a profound effect on soluble and membrane proteins exiting the TGN. In AtT-20 corticotropes, the first effects of these V-ATPase inhibitors include the appearance of TGN vacuoles filled with immature secretory-granule content proteins and swelling of lysosomes. The membranes of the TGN vacuoles invaginate, forming 35-50 nm vesicles that accumulate in the lumen, resembling the internal vesicles characteristic of multivesicular bodies. The TGN vacuoles are often closely apposed to each other and to swollen lysosomes. With time, normal lysosomes disappear and large, mixed organelles that appear to be formed by the fusion of newly formed TGN vacuoles with new and pre-existing lysosomes predominate. By contrast, the cisternae of the Golgi complex remain intact; TGN38 and syntaxin-6 are not included in the mixed organelles. Early endosome markers are also excluded from the mixed organelles. LAMP-1 and VAMP-4 populate the limiting membranes of the mixed organelles. Entry into the internal vesicles is selective, with membrane PAM and mannose-6-phosphate receptor found in internal vesicles.
Lack of a pH gradient does not cause mixed organelle formation
Recent studies in a variety of organisms have demonstrated roles for the macrolide-antibiotic-binding transmembrane V 0 sector of the V-ATPase that are independent of its proton pump activity (Baars et al., 2007; Hiesinger et al., 2005; Lee et al., 2006; Liegeois et al., 2006) . Since treatment of AtT-20 cells with NH 4 Cl or methylamine neutralized pH gradients but did not generate mixed organelles, their formation is not simply dependent on lack of a pH gradient. Transient knockdown of the lipoprotein component of V 0 altered secretory-granule formation in a similar manner. Selective and verifiable silencing of V 0 and V 1 will be required to distinguish pump-dependent and pump-independent actions of the V-ATPase. Our electron micrographs and live-cell imaging experiments suggest that prolonged ConA treatment causes immature granules to fuse with lysosomes, forming mixed organelles. The occurrence of fusion is consistent with the observed dose-and time-dependent increase in mixed organelle size. Homotypic fusion of immature secretory granules is an established part of secretory-granule biogenesis in lactotropes and PC12 cells (Cochilla et al., 2000; Wendler et al., 2001) . In response to the sudden removal of secretory stimuli, prolactin and thyroid-stimulating hormone containing secretory granules fuse with lysosomes in the process of crinophagy (Farquhar, 1977; Noda and Farquhar, 1992) .
The question is why fusion occurs after prolonged ConA treatment. The formation of immature granules normally involves vesicle fusion, whereas maturation involves fission-mediated remodeling (Kuliawat et al., 1997; Tooze, 1998; Wu et al., 2001 ). An inability to remodel membranes may leave the immature granules fusion competent, indirectly allowing fusion to occur. Although it is clear that V-ATPase subunits have an important role in many membrane fusion events, the underlying mechanisms are poorly understood (Kontani et al., 2005; Lee et al., 2006; Mohler et al., 2002) . In yeast, pump-independent fusion of smaller vacuoles into large vacuoles occurs with just V 0 whereas ConA blocks V 1 -mediated vacuolar fission (Baars et al., 2007) . C. elegans with VHA-5 (V 0 a1) mutations accumulate multivesicular bodies that are unable to fuse with the plasma membrane (Liegeois et al., 2006) . The large multivesicular bodies observed in these C. elegans mutants resemble the mixed organelles formed in AtT-20 cells as a result of ConA treatment. In vitro studies will be required to distinguish the initial effects from the later consequences.
Secretion and the V-ATPase
Our studies show that stimulated secretion of the soluble components of secretory granules is blocked by ConA treatment. Immature secretory granules fail to mature, and secretory products accumulate in the mixed organelles that remain near the TGN. The lack of stimulated secretion could reflect an inability to remove key components of the immature secretory-granule membrane in the presence of ConA or failure to translocate granules to the plasma membrane. For example, removal of VAMP4 and synaptotagmin IV is crucial for granule maturation and acquisition of regulatory Journal of Cell Science 122 (19) competence (Eaton et al., 2000) , and VAMP4 accumulates in the limiting membrane of the mixed organelles that form in ConA-treated cells. The mechanism by which the V 0 a1 subunit affects synaptic vesicle exocytosis in Drosophila is distinctly different (Hiesinger et al., 2005) . Interaction of V 0 a1 with tSNAREs might guide V 0 into vesicle and acceptor membranes to allow formation of a fusion pore; this function of V 0 is likely to be independent of V 1 , whose presence would inhibit membrane apposition (Hiesinger et al., 2005) .
In mouse proximal tubule cells, budding and formation of endosome-derived carrier vesicles has been linked to the V-ATPase; Arf6 interacts with V 0 c, and ARNO interacts with V 0 a2, (HurtadoLorenzo et al., 2006) . These interactions are dependent on luminal acidification; V-ATPase inhibitors perturb recruitment and scaffolding of Arf6 and ARNO to endosomal membranes, hindering early to late endosome trafficking (Hurtado-Lorenzo et al., 2006) . ConA might block the maturation of immature granules in a similar manner, mediating membrane budding and acting as a component of the molecular machinery that senses luminal pH.
Why do mixed organelles appear in this paradigm?
BafA1 and ConA are frequently used for shorter times at higher concentrations. The long treatment time used here was based on earlier studies of PC12 cells (Taupenot et al., 2005) . Although granule maturation is blocked, mature granules are not dramatically affected. The mixed organelles appear only as newly synthesized secretory-granule and lysosomal content proteins accumulate; if disrupting granule maturation with ConA is the key event, accumulation of enough newly synthesized granule and lysosomal protein to form mixed organelles would be expected to require time. With the electron microscope, it is clear that TGN vacuoles and enlarged lysosomes are detectable within 4 hours. Mixed organelles form as the result of a biosynthetic process gone awry, not as a result of fusion of mature secretory granules. Our results are consistent with other studies that have evaluated the morphology of secretory pathway compartments in response to V-ATPase inhibitors. Electron microscopic analysis of Xenopus intermediate pituitary cells treated with BafA1 demonstrated the appearance of vacuolar structures adjacent to the TGN, along with a dramatic decrease in the number of secretory granules (Schoonderwoert et al., 2000) ; because treatment times were short, formation of mixed organelles was not observed in this study.
The V-ATPase inhibitors seem to be acting at membrane-budding steps where the produced small organelle will have an internal pH below the cytosolic pH. Removal of VAMP4, which is an essential step in granule maturation, could be blocked. Continued protein synthesis would result in continued production of immature granules. If the ability of immature granules to undergo homotypic fusion is not blocked, fusion to immature granules and lysosomes might continue, yielding large mixed organelles.
For ACTH-producing cells, as for insulin-producing cells (Marsh et al., 2007) , degradation of product hormones is not normally seen; virtually all the POMC produced in a pulse labeling is recovered as mature stored or secreted peptides (Mains and Eipper, 1981) . However, in the face of reduced demand for secretory product, lactotropes and β-cells eliminate mature granules through the process of crinophagy (Farquhar, 1977; Marsh et al., 2007) . In this normal response to diminished demand, secretory granules fuse with lysosomes. The granule fusion process initiated by ConA might mimic the process normally used during crinophagy.
The maturation process initiated in immature granules involves proteolytic processing of prohormones, concentration of soluble content and remodeling of granule membranes. Newly synthesized lysosomal enzymes that enter the regulated secretory pathway are removed along with their mannose-6-phosphate receptors (Kuliawat et al., 1997) . Lysosomal membrane proteins such as LAMP-1 might reach late endosomes and lysosomes directly from the TGN (Peters and von Figura, 1994) . The internal vesicles that accumulate following ConA treatment contain PAM and mannose-6-phosphate receptor, which are normally retrieved from immature granules, but lack LAMP-1 and VAMP-4. Failure to remove VAMP4 would be expected to contribute to a blockade of regulated secretion.
A previous study did not detect mixed organelles following prolonged treatment of PC12 cells with nanomolar concentrations of BafA1 (Taupenot et al., 2005) , and our results with PC-12 cells confirm this. Since we see formation of mixed organelles in fibroblasts and in two neuroendocrine lines, it is plausible that particular protein components of the V-ATPase in the PC-12 cells are distinct from those in AtT-20, GH3 and 3T3 cells. A biochemical comparison of the four cell lines will be needed to resolve these questions. Studies of C. elegans, Drosophila and mammalian tissues support the generality of our results.
Are the mixed organelles autophagosomes?
Cellular constituents can be degraded and recycled through the process of autophagy. Inclusion of lysosomes in the mixed organelles prompted us to compare the mixed organelles to autophagosomes. LC-3, the mammalian orthologue of yeast Atg8, is a cytosolic protein that assembles on autophagosomes as they form, undergoing a series of processing steps that allow it to enter their interior. Although LC3-GFP was present, the mixed organelles do not have other features of autophagosomes. First, mitochondria are excluded from the mixed organelles. Second, even at early times, no phagophore membrane is apparent (Marsh et al., 2007) . Third, Atg12, an essential component of autophagosomes, is not associated with the mixed organelles. Fourth, upon removal of V-ATPase inhibitor, cells slowly rid themselves of these mixed organelles and recover; staining for soluble content proteins in the mixed organelles disappears, presumably as a result of proteolysis, and the normal complement of secretory granules and lysosomes reappears. Whether LC3-GFP recognizes and enters the mixed organelles in a manner similar to that used to enter autophagosomes is not yet clear.
The mixed organelles in AtT-20 cells differ from autophagosomes because they are filled with uniformly sized vesicles containing secretory pathway proteins instead of cytoplasmic fragments or organelles. Formation of multivesicular bodies in the TGN is not a feature associated with autophagy. This process has been described during crinophagy; the destruction of secretory granules when secretion is suppressed. In prolactin cells undergoing crinophagy, mature secretory granules and excessive endoplasmic reticulum are incorporated into autophagic structures whereas immature secretory granules are incorporated into multivesicular bodies (Smith and Farquhar, 1966) . In both AtT-20 cells and pituitary melanotropes, ConA induces the formation of multivesicular bodies in the TGN. In AtT-20 cells, the multivesicular bodies fuse with lysosomes to form multivesiculated mixed organelles that contain autophagic debris in melanotropes when mature.
Materials and Methods

Antibodies
The following rabbit antisera were used for immunocytochemistry: POMC/ACTH (JH93, 1:1000) directed against the N-terminal of ACTH (Zhou et al., 1993) , TGN38 (JH1481, 1:1000) and VAMP4 (Synaptic Systems, 1:500). Monoclonal antibodies against GM130 (1:500), syntaxin-6 (1:250, Covance), procathepsin B (1:1000, gift from Peter Arvan, University of Michigan, Ann Arbor, MI), LAMP-1 (1:50, Developmental Studies Hybridoma Bank), Atg12 (Cell Signaling Technology, Inc., 1:1000) and manganese superoxide dismutase (1:500, Upstate) were sourced. For immunoblot analyses, rabbit polyclonal antisera against PC1 (JH888, 1:1000) (Zhou and Mains, 1994) , γMSH (JH189, 1:1000) (Cullen and Mains, 1987) , PHM (JH1761, 1:1000) (El Meskini et al., 2001 ), syntaxin-13 (Abcam), syntaxin-7 (Synaptic Systems), pan-cadherin (Sigma) and SNAP23 (Abcam) and monoclonal antibodies against VAMP2 (Synaptic Systems), syntaxin-6 (BDTL), SNAP25 (BDTL), βIII tubulin (Covance), α-, β-and γ-adaptin (BDTL), N-cadherin (BDTL) and Atg12 (Cell Signaling Technology) were used. For electron microscopic immunohistochemistry, the following rabbit antisera were used: exon A (JH629, 1:200) directed against PAM-1(409-497), ACTH (Kathy, 1:1000) directed against ACTH(25-39), cationindependent 300 kDa mannose-6-phosphate receptor (I-5, 1:100) and cathepsin D (SII-10, 1:50). The MPR and cathepsin D antibodies were gifts from Stefan Höning (University of Cologne, Cologne, Germany).
Cell culture and drug treatment paradigms PAM-2-GFP was constructed in pEGFP-N2 (Clontech) by fusing in-frame the Cterminus of PAM (...PAPSS976) at an engineered SmaI site, incorporating the short intervening linker derived from pEGFP-N2 (PGIHRPVAT), followed by the Nterminus of EGFP (M1VSKG...). AtT-20 cells stably expressing PAM-1 (Milgram et al., 1992) , PAM-1-GFP (J.A.S., B.A.E. and R.E.M., unpublished), PHM fused to green fluorescent protein (PHM-GFP) and PHM fused to the pH-sensitive pHluorin (PHM-pHluorin) (Miesenbock et al., 1998) were maintained in culture as described (Sobota et al., 2006) . Short hairpin RNAs (shRNAs) directed against several of the V-ATPase subunits were constructed in the RNAi-Ready-pSiren-DNRDsRed-Express vector (Clontech), which places shRNA expression under control of the human U6 promoter and DsRed expression under control of the CMV promoter. Sequences for shRNAs were selected using the rules at http://bioinfo.clontech.com/rnaidesigner/ frontpage.jsp and http://imgenex.com/sirna_tool_details.php?opt=view_result (supplementary material Table S1 ). All constructs were verified by DNA sequencing. The LC3-GFP plasmid was a gift from Tamotsu Yoshimori (Osaka University, Osaka, Japan) (Kabeya et al., 2000) .
Cells were incubated with all alkalinizing drugs for 22-24 hours. Concanamycin A and bafilomycin A1 (Sigma) were used at concentrations of 1 nM and 20 nM, respectively. Ammonium chloride (Sigma) was used at 2.5 mM; methylamine (Sigma) was used at 5 mM. Alkalinization was assessed in drug-treated live cells using acridine orange (Sobota et al., 2006) or 3-(2,4-dinitroanilino)-3Ј-amino-Nmethyldipropylamine (DAMP). After a 30 minute incubation followed by fixation, DAMP was visualized using antibody to DNP (Anderson et al., 1984) . In addition, AtT-20 cells stably expressing PHM-pHluorin and placed into medium lacking phenol red were photographed live after different times of exposure to concanamycin A; untreated cells were fixed, permeabilized and equilibrated with buffers titrated to pH 5.0, 5.5, 6.0, 6.5, 6.75, 7.0, 7.25 and 7.5 to generate a standard curve relating fluorescence intensity to pH. To assess the role of protein synthesis on the effects of ConA, 10 μM cycloheximide was added to the incubation medium. All drugs were prepared at their final concentrations in complete serum-free medium (CSFM) containing ITS (DMEM-F12 supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, insulin-transferrin-selenium from Invitrogen or Mediatech and 1 mg/ml fatty acid-free bovine serum albumin).
For primary cultures of melanotropes, adult male Sprague-Dawley rats (Scanbur, Sollentuna, Sweden) were decapitated under carbon dioxide anesthesia. The neurointermediate lobe was separated from the anterior pituitary and intermediate lobe fragments were dissociated with collagenase (Sigma, type II, 4 mg/ml), hyaluronidase (Sigma, type IV, 1 mg/ml) and DNase (Sigma, type I, 0.01 mg/ml) for 20 minutes followed by trypsin (Sigma, 2.5 mg/ml) for 15 minutes, then plated in poly-L-lysine-treated dishes and cultured for 3 days before treatment (May et al., 1989) .
Secretion experiments and enzyme assays
AtT-20 PHM-GFP cells were plated in duplicate wells on poly-L-lysine-coated plastic dishes and maintained in culture for 2 days (Sobota et al., 2006) . To determine basal secretion over a 24 hour period, cells were initially rinsed in CSFM (0.1 mg/ml BSA), replaced with CSFM containing DMSO vehicle, ConA or ammonium chloride, and media and cells were harvested 24 hours later. Medium was centrifuged to remove non-adherent cells and protease inhibitors were added. Cells were harvested in 20 mM Na-N-Tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES), 10 mM mannitol, 1% Triton X-100, pH 7.4 (TMT) with PMSF and protease inhibitors (Sobota et al., 2006) . TMT extracts were frozen and thawed three times and centrifuged to remove debris. For assessment of regulated secretion, cells were plated and pretreated with drug as described above. Before media collection, cells were initially rinsed for three 30 minute periods with CSFM containing vehicle or drug, followed by collection of 30 minute basal medium and 30 minute stimulation with 2 mM BaCl 2 . Secretion over 24 hours was assessed by western blot analysis; equal volumes of medium and cell extracts were fractionated by SDS-PAGE, transferred to PVDF and probed with antibodies against PC1, γMSH or PHM. Signals in the linear range were quantified using GeneTools software (Syngene). Medium samples and cell extracts from 30 minute basal and stimulation collections were assayed for PHM activity using 125 I labeled α-N-acetyl-Tyr-Val-Gly as substrate (Kolhekar et al., 1997) . Samples were assayed in duplicate and reactions were carried out for 1 hour.
Immunofluorescence and confocal microscopy
Cells were plated onto poly-L-lysine-coated 0.17 mm glass coverslips (Fisher Scientific) and maintained in DMEM-F12 for 2 days. Following drug treatment, cells were fixed in prewarmed 4% formaldehyde in PBS for 30 minutes at room temperature, processed for immunocytochemistry and visualized by confocal microscopy (Sobota et al., 2006) . For live-cell imaging with a Leica TCS SP2 confocal microscope, cells were incubated in DMEM-HEPES with 1 mg/ml bovine serum albumin at 37°C.
Electron microscopy and immunoelectron microscopy
For electron microscopy, cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 30 minutes, postfixed with 1% osmium tetroxide and 1% potassium ferrocyanide for 30 minutes, dehydrated and embedded in Epon. Sections were poststained with lead citrate and uranyl acetate and viewed with a Jeol 1200 EX II electron microscope. For cryosectioning and immunogold labelling, the cells were fixed with 4% paraformaldehyde in 2% sucrose, 0.1 M phosphate buffer for 2 hours, scraped and centrifuged in gelatin. Immunolabeling was performed as described earlier (Sobota et al., 2006) , and acidic organelles were visualized ultrastructurally using the DAMP method (Anderson et al., 1984) .
Transferrin and dextran uptake
AtT-20 PAM-1 cells were pretreated with vehicle or ConA for 24 hours as described. Cells were rinsed twice with serum-free medium lacking transferrin 30 minutes before the experiment, followed by incubation with medium containing 0.1 mg/ml transferrin conjugated to Alexa Fluor 488 (Invitrogen) for 10 minutes. Following a brief rinse, cells were fixed and processed for immunocytochemistry as described above. To label lysosomes, AtT-20 PHM-GFP cells were incubated with TRITC-dextran for 1 hour followed by an overnight chase, addition of ConA and live-cell imaging.
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